Three night-break experiment protocols were utilized in an attempt to help clarify the role of the circadian system in photoperiodic time measurement in the European corn borer, Ostrinia nubilalis. Larvae raised in a light-dark (LD) cycle consisting of 12 hr of light alternating with 12 hr of darkness (LD 12:12), at a constant temperature of 30&deg;C, enter a state of arrested growth and development known as diapause (Takeda and Skopik, 1985) . In the present research (Experiment 1), the induction of diapause was prevented by 1-hr light pulses that systematically scanned the dark phase of LD 12:12. Thus, the importance of 12 hr of uninterrupted darkness for maximal induction of diapause is stressed. The same experimental protocol applied to larvae already in diapause (Experiment 2), however, resulted in a bimodal curve of diapause termination. Although this result is consistent with the proposition that a nonperiodic hourglass timer underlies this event (Skopik and Takeda, 1986), it does not rule out the circadian system. Like LD 12:12, a thermoperiod in constant darkness (12 hr at 4&deg;C alternating with 12 hr at 25&deg;C) also induces diapause. Scanning such a thermoperiod with 1-hr light pulses, however, resulted in only a small effect (reduction of diapause) when light fell in the early to middle part of the warm phase (Experiment 3). Thus, the time-measuring system, under these experimental conditions, showed only a weak response to light. This unexpected result is discussed with respect to Experiment 1 and two general models that have been proposed to account for photoperiodic time measurement in insects.
Induction of larval diapause, an overwintering state of arrested growth and development, is a photoperiodically controlled event in the life cycle of the lepidopteran, Ostrinia nubilalis (common name: European corn borer) (Beck, 1962) . At a constant temperature of 30°C in T 24 light-dark (LD) cycles (T = L + D = period of the LD cycle), diapause induction is maximal (-100%) in LD 12:12, but falls to 0% in 24-hr T's with shorter or longer photophases. Thermoperiods in constant darkness (Beck, 1982) , but not constant light , are also effective in inducing diapause. Recently (Takeda and Skopik, 1985) , evidence for involvement of the circadian system in diapause induction in three geographic strains of O. nubilalis has been reported. Under experimental protocols in which L was held constant at 12 hr 1. To whom all correspondence should be sent. 2. Present address: Entomological Laboratory, Faculty of Agriculture, Kobe University, Rokko, Kobe 657,Japan. and T was systematically lengthened in separate subsets of the experiment to values as long as 72 hr by increasing D, induction occurred in the extended nights with a circadian periodicity.
Diapausing larvae, when transferred from LD 12:12 to a series of T 24 LD cycles ranging from LD 2:22 to LD 22:2, terminated diapause, as measured by pupation, most rapidly in LD 16:8 . Based on a series of experiments involving non-24-hr T's, as reported for diapause induction (Takeda and Skopik, 1985) , circadian periodicity was not observed Skopik and Takeda, 1986) . Initiation of the events leading to pupation and adult development thus seems to occur optimally in LD cycles that contain 8 hr of darkness, regardless of the period of the LD cycle and temperature at which the experiment is run. Thus, a nonperiodic hourglass clock mechanism is apparently involved in the termination response.
The results of three night-break experiments in a Southern strain of O. nubilalis (Georgia[GA]) are reported here. These experiments were conducted to help further clarify the role of the circadian system (vs. a nonperiodic hourglass timer) in both diapause induction and termination, and to test the dual-system theory (DST) for photoperiodic time measurement (Beck 1974a (Beck , 1974b (Beck , 1975 (Beck , 1976a (Beck , 1976b (Beck , 1977 .
MATERIALS AND METHODS
As described in more detail elsewhere (Skopik and Takeda, 1986) , eggs were collected from oviposition chambers. They were placed in 1-oz food cups, and entered LD 12:12 at 30°C in which D was systematically scanned in separate subsets of the experiment with 1-hr light pulses (Experiment 1). In Experiment 2, diapausing larvae from LD 12:12 were removed from food cups and placed in 1-oz clear plastic cups that contained water and agar (proportion: 12.5 g agar in 400 ml H20). They were then subjected to the same night-break protocol at a constant 30°C as in Experiment 1. In Experiment 3, larvae were raised in a high-amplitude thermoperiod in constant darkness (DD) (12 hr at a high temperature [25°C] alternating with 12 hr at a low temperature [4°C]), which is known to be diapause-promoting . In addition, the entire thermoperiod was scanned with 1-hr light pulses. Figure 1 (Experiment 1) shows that 1-hr light pulses that systematically scanned the night of an LD 12:12 cycle caused a reduction in diapause induction. Diapause remained high when the pulse fell from zeitgeber time (ZT) 12-13 (effectively LD 13:11), but fell to 85% in LDLD 12:1:1:10. In LDLD 12:2:1:9 it was 0%, and it remained at 5% as the light pulses fell later in the night.
RESULTS
In Experiment 2 (Fig. 2 ), larvae that had entered diapause after being raised in LD 12:12 at a constant 30°C were subjected to the same night-break protocol as in Experiment 1. In this case, a bimodal peak of a diapause termination was observednamely, a sharp peak of pupation in LDLD 12:3:1:8 and a broader one of lower FIGURE 1. Results of Experiment 1. Eggs were collected and placed in LD 12:12 at 30°C. In separate subsets of the experiment, 1-hr light pulses were used to break up the 12 hr of darkness (lower panel). The light pulses were applied throughout larval development. The top panel plots the percentage of diapausing larvae at the end of the experiment. Each condition contained an average of 125 larvae. amplitude centered around LDLD 12:8:1:3. This bimodality in diapause termination was also noted earlier by Bowen (1976) for the Delaware (DE) strain of O. nubilalis. Experiment 3 (Fig. 3 ) followed a new protocol that has recently been proposed for the analysis of the role of the circadian system in photoperiodic time measurement . In this experiment, 1-hr light pulses scanned the cold (4°C) and warm (25°C) phases of a thermoperiod in DD. Larvae raised in DD in such a thermoperiod (without light pulses) are fully mature and enter diapause after approximately 60 days. As the thermoperiod was scanned with 1-hr light pulses, no effect of light was observed when the pulses fell during the cold phase. As the warm phase was scanned, a slight effect (reduction of diapause) occurred when the light pulses fell at about the midpoint of this half cycle. FIGURE 2. Results of Experiment 2. Diapausing larvae from LD 12:12 were placed in the same night-break protocol at a constant 30°C as in Figure 1 . The percentage of pupation after 30 days is plotted with respect to when during the night the light pulses fell. Sample size = 100-125 larvae per condition. FIGURE 3. Results of Experiment 3. Eggs were collected and placed in a thermoperiod in constant darkness (12 hr at 25°C alternating with 12 hr at 4°C). Both the cold and warm phases were scanned with 1-hr light pulses. Light had no effect (with respect to reducing diapause) when given during the cold phase and only a slight effect during the warm phase. Sample size = 100 larvae per condition.
DISCUSSION
The results of Experiment 1 (Fig. 1 ) further emphasize the importance of approximately 12 hr of uninterrupted darkness for maximal induction of diapause in O. nubilalis when the experiments are run at a constant temperature. This was first noted in experiments in which a 1-hr light pulse was inserted in the middle of the night in LD 12:12, effectively abolishing the response (Beck, 1962) , and later in experiments implicating involvement of the circadian clock (Takeda and Skopik, 1985) . In the latter, the peaks of diapause induction in the extended nights of the long T's were of decreasing amplitude. Similar experiments, dealing with diapause induction in T 24 LD cycles in the mosquito Aedes atropalpus, gave results almost identical with those in Experiment 1 (Beach and Craig, 1977) .
In Experiment 2, diapausing larvae responded to the same night-break protocol as in Experiment 1 by terminating most rapidly in LDLD 12:3:1:8 (Fig. 2) . Another, less well-defined, lower-amplitude peak of pupation was observed in LDLD 12:8:1:3. The importance of the 8-hr dark period for diapause termination is clear, although the basis for the differences in amplitude and sharpness of the two peaks is unknown. Nevertheless, the two curves for diapause induction and termination were clearly different from one another under the same LD and temperature conditions. The results from Experiment 2, in addition to those presented earlier Skopik and Takeda, 1986) , argue for a nonperiodic hourglass mechanism that measures 8 hr of darkness. However, it is not possible to completely rule out the circadian system on the basis of the available data. Although it has been demonstrated that &dquo;T experiments&dquo; yield negative (nonperiodic) results when L is held constant at 12 (or 16) hr, and T is varied by extending D Skopik and Takeda, 1986) , it is nevertheless possible that a circadian component exists. Additional experiments, following the same protocol but holding L constant at a shorter value (e.g., 6 hr), need to be conducted. Entrainment data with respect to a circadian rhythm in O. nubilalis are also completely lacking for asymmetric skeleton photoperiods (as in Fig. 2) , and for T's longer than 24 hr. Indeed, as Pittendrigh and Minis (1971) demonstrated for Pectinophora gossypiella, bimodality in photoperiodic induc-tion, in a protocol very similar to that in Figure 2 , is exactly what one would predict if (1) a rhythm of photoperiodic photosensitivity exists in which illumination of an inducible phase point, 4>., determines whether or not induction occurs; and (2) the rhythm of photosensitivity entrains in a way that parallels the pupal eclosion rhythm in response to asymmetric skeleton photoperiods. It may also be possible that some as yet unknown change in the receptor component of the photoperiodic system may occur in diapausing larvae, and that this somehow is responsible for the different expression in response to night interruptions.
With respect to the effects of different constant temperatures on diapause induction, the general finding has been that systematically lowering the temperature promotes a progressively greater incidence of diapause within the population (Saunders, 1982) .
In certain cases, lower temperatures can even override the effects of photoperiod. A number of studies have also demonstrated that the nighttime temperature is more important than the temperature experienced during the day in terms of promoting a greater incidence of diapause. Here, again, the general finding has been that a cooler nighttime temperature promotes a higher incidence of diapause, as compared with the situation in which the temperature conditions are reversed. For example, Chippendale et al. (1976) reported that a low level of diapause was induced in Diatraea grandiosella (the Southwestern corn borer) when larvae were raised in LD 12:12 at a constant 32°C. However, in LD 12:12 (L = 32°C; D = 24°C) maximal diapause induction was effected, whereas under the reversed conditions (L = 24°C; D = 32°C) all of the larvae developed (i.e., failed to enter diapause).
When O. nubilalis larvae are raised at a constant temperature (e.g., at 25°C) in either constant illumination (LL) or DD, diapause is not induced. In a thermoperiod in DD (12 hr at 25°C alternating with 12 hr at 4°C), but not in LL, maximal induction also occurs. Apparently, a 12-hr dark period is required for diapause induction, but it is not clear from these experiments whether it is the 12-hr duration at 25°C or the same length of D at 4°C that is critical. We recently demonstrated that when O. nubilalis larvae were raised in LD 12:12 but with a superimposed temperature cycle in which the 12 hr of L were spent at 25°C and the 12 hr of D occurred at 4°C, diapause was not induced. The reversed condition (L occurred at 4°C and D at 25°C), on the other hand, resulted in maximal diapause induction. This experiment is probably not comparable with earlier experiments that have stressed the importance of the nighttime temperature. With 4°C, we are dealing with an extreme temperature that is apparently below the range of temperatures at which physiological time measurement can occur. Thus, in the high-amplitude thermoperiod in DD, the argument has been made that the 12-hr warm phase is functionally equivalent to darkness with respect to photoperiodic time measurement, whereas the 12hr cold phase is equivalent to light . We have predicted that if the 12-hr warm phase is measured by the circadian system, beginning at circadian time (CT) 12 at the low-temperature to high-temperature transition, light pulses that scan this half cycle should drastically reduce diapause induction in a way that is similar to what is observed in Figure 1 . On the other hand, light pulses during the cold phase (subjective day) should have no effect. Diapause induction should remain high.
As an alternative, Beck has proposed (1974a Beck has proposed ( , 1974b Beck has proposed ( , 1975 Beck has proposed ( , 1976a Beck has proposed ( , 1976b Beck has proposed ( , 1977 an elaborate model, DST, for circadian rhythms and photoperiodism that is based on both hourglasses and circadian components. Although DST has been demonstrated not to be capable of predicting well-known circadian phenomena (see Skopik et al., 1981) , an explicit test of DST as a predictive model for photoperiodic phenomena has been lacking (see Saunders, 1982, p. 200) . The protocol used in Experiment 3 would allow for a test of the DST. According to this model, the beginning of the cold phase of a thermoperiod in DD (even as low as 4°C) is functionally equivalent to dusk in an LD cycle. The two systems in the DST, S and P, begin their time-measuring motion from that point. Therefore, light pulses during the cold phase (the DSTpresumed night) should reduce diapause induction, since they will cause a desaturation of the S and P systems. Furthermore, due to the kinetics of the S and P systems in response to light pulses at different points in the cycle (see Skopik et al., 1981 , for a detailed analysis of light pulses and their effect on the DST), light pulses that scan the warm phase should also inhibit diapause induction when they fall early during this interval. Later, however, they should have no effect. Thus, according to DST, diapause induction will remain at a low level as the light pulses scan the cold phase, and it will continue to be low until about the middle of the warm phase. It should then climb rapidly to -100% and remain high during the last half of the warm phase. The results of scanning a thermoperiod in DD with light pulses (Experiment 3; Fig. 3 ) demonstrate that DST lacks predictive value as a model. Light pulses throughout most of the entire cycle, except for a small effect during the early to middle part of the warm phase, had almost no effect on diapause induction. On the other hand, the alternative model that invokes the circadian system, as discussed above, also fails to account for the observed results. Several words of caution are, however, in order.
The data in Figure 1 demonstrate that 12 hr of uninterrupted darkness are necessary for maximal diapause induction. Although we have postulated that the warm phase in a high-amplitude thermoperiod in DD is functionally equivalent to D in an LD cycle at a constant temperature, and should therefore respond to 1-hr light pulses in the same way, this may be an oversimplification. The weak response to light (Fig. 3) might, for example, be due to a change in sensitivity to light in the receptor component of the photoperiodic system under these conditions. Additionally, data on entrainment of O. nubilalis's circadian system to asymmetric photoperiods (as in Fig. 1 ), and thermoperiods in DD with superimposed light pulses (as in Fig. 3 ), are lacking. Entrainment patterns may be different under the two conditions and, if determined, might provide clues with respect to explaining the results in Figure 3 .
